Abstract: New apatite fission-track analyses from NW Britain indicate that a maximum of 2.5 km of erosion has occurred there during the Cenozoic, similar to values for SE Greenland and the east Greenland coast north of Scoresby Sund. The erosion may have been facilitated by magmatic underplating during break-up. However, at Kangerdlugssuaq, East Greenland, 4-6 km of erosion is measured since 45 Ma. Lower-mid-Eocene marine sedimentary rocks overlying the lavas on the Blosseville Coast indicate that magmatic underplating on the central Greenland coast substantially post-dated flood volcanism and break-up, behaviour not predicted by simple plume-rift models. Subsidence reconstructions of the Hebrides Shelf, and the east and west Greenland coasts, show that rapid, dynamic uplift was effectively synchronous at 63 Ma and preceded volcanism by <1.6 million years. The magnitude of uplift on the Hebrides Shelf (c. 400 m) is compatible with a mantle temperature anomaly of c. 100 C. These data suggest very rapid lateral flow of the impacting Iceland plume head. The predicted crossing of the plume by the east Greenland coast in the mid-late Eocene would account for post-rift magmatic underplating and dynamic support on the Greenland but not the European side of the North Atlantic basin.
The NE Atlantic is the probably the world's most studied example of continental break-up in the presence of a mantle plume, comprising upwelling hot, chemically enriched material from the lower mantle. The central location of the modern Iceland plume within the Atlantic basin, and the evidence for a widespread positive mantle temperature anomaly during Palaeocene-Eocene break-up has resulted in tectonic models proposing the initiation of the Iceland plume as the driving force behind continental break-up. (e.g., White & McKenzie 1989) . In detail this model has several features that make its simple application to this region difficult. Unlike modern Pacific hotspots, the Iceland plume must have migrated rapidly through the mantle to stay under or close to the Atlantic ridge crest since spreading began in the early Eocene, as reconstructions suggest that a stationary plume would have been positioned in west Greenland at the time of the initial rifting and volcanism at 63 Ma (Lawver & Müller 1994) . In addition, the volcanism that marked the start of continental break-up in Scotland, East Greenland and along the rift axis is typically not of plume character, but is generally rather MORB-like (Fitton et al. 1997) . Whilst this might be explained by melting of a carapace of normal upper mantle around a more plume-like core, this explanation fails to account for the hiatus in volcanism of 2-3 million years, now recognized along the southeastern Greenland margin (Sinton et al. 1994), west Greenland (R. A. Duncan unpublished data 1997) and the Blosseville Coast (M. Storey et al. 1996) . Finally, the NE Atlantic margins appear to have developed asymmetrically. The European margin appears to have subsided since the early Eocene (Nadin et al. 1995) , while East Greenland appears to have experienced dynamic support, peaking during the mid Eocene (Clift et al. 1995) . Permanent uplift is also asymmetric, as shown by maximum elevations of 1.3 km in the UK and 2.5 km in southern Norway, contrasting with peaks at c. 4 km in East Greenland flanked by a coastal plateau averaging c. 2.5 km, despite significant isostatic loading by the Greenland ice sheet.
In this study we examine the evolution of the North European and Greenland margins prior to, and during, continental break-up (Fig. 1 ). We present new apatite fission-track data from East Greenland, the Scottish Highlands, the Western Isles, Shetland and Orkney, and discuss these data together with published results from Scotland, Greenland and southern Norway (Hurford 1977; Gleadow & Brooks 1979; Lewis et al. 1992; Rohrman et al. 1995; Hansen 1996) in relation to plume-related surface uplift and denudation. Apatite fissiontrack analysis is a thermochronological method which records variations in upper crustal temperatures (<150 C) over geological time scales. In most geological settings cooling recorded by fission-track data relate to denudation (e.g. Green et al. Brown et al. 1994; Gallagher & Brown 1997) . Conceptually, cooling and denudation data provide an effective means of detecting plume-generated surface uplift, because the temporary and permanent uplift related to plume activity would be predicted to enhance erosion and cooling locally, thus leaving a thermal signature distinct from the regional denudation pattern.
Using such data together with evidence from geochemistry, radiometric dating, subsidence analysis and Tertiary sedimentation patterns, we examine the case for the presence of a major thermal anomaly under the Atlantic proto-rift at the time of break-up and measure the effect of igneous underplating. We restrict our analysis to the region south of Scoresby Sund in East Greenland, since Jameson Land (Fig. 1) has already been analysed in detail (Hansen 1992) . Further north, the thermal history of the margin is considered to reflect the Oligocene jump in spreading (Nunns 1983) , which rifted the Jan Mayen microcontinent from the Greenland margin, overprinting earlier break-up related features (K. Thomson pers. comm. 1996).
Evidence for mantle plumes
Detecting the presence of a mantle plume in any given area depends on the nature and strength of the plume, as well as the overlying lithospheric plate. The upwelling of anomalously hot asthenosphere under a plate may result in substantial temporary uplift (e.g. Sleep 1990) recognizable as doming at the present day or in regional sedimentary patterns, reflecting enhanced denudation, in the case of ancient plumes. Such uplift will decay once the plume material has been removed from under a specific lithospheric locus, although permanent uplift may result if the plume upwelling causes melting, magmatism and crustal thickening. Temporary uplift may be a good indicator of hotter than normal asthenosphere, which is always associated with mantle plumes, although since magmatism and permanent uplift are not associated exclusively with plumes they are not unambiguously diagnostic.
Alternative methods for identifying plumes have focused on the geochemistry of the lava sequences they produce. It has long been recognised that although plume-derived lavas often have a tholeiitic major element chemistry, in common with many other tectonic settings, their trace element characteristics are distinct from mid-ocean ridge basalts (MORB) or island arc volcanic rocks. Specifically, they show enrichment in the more incompatible trace elements (e.g. Schilling 1975) , and are also frequently isotopically distinct from regular MORB-type upper mantle (e.g. O'Nions et al. 1977), features interpreted as reflecting melting of chemically primitive lower mantle. However, other tectonic environments, such as rifts, with modest degrees of partial melting erupt basalts with similar trace element characteristics, while crustal and lithospheric contamination of asthenospheric melts often complicates the unequivocal identification of plume-derived melts. The situation is further complicated by geophysical models of mantle plume initiation (e.g. Campbell & Griffiths 1990), which suggest that a deep-seated plume may be surrounded by a carapace of normal MORB upper mantle, with more of this material entrained into the plume head during ascent from the lower mantle. Consequently, the presence of some MORB-like compositions might be predicted to accompany plume magmatism, especially in its early stages. Recent reviews of the distribution of plume-derived magmas in the NE Atlantic (Fitton et al. 1997, in press) , demonstrate that recent lavas derived from an Icelandic plume source uniformly plot within a set of parallel lines on a Nb/Y-Zr/Y diagram. This discrimination allows for different degrees of melting of the Icelandic source, as variations in the degree of melting only displace a given composition parallel to the lines, not outside the Icelandic field.
Fitton et al. (1997) showed that there is a chemical difference between the two main phases of volcanism in the NE Atlantic. The first pulse of regional volcanism is dated at 62-58 Ma, while the second pulse is 56 Ma and younger (Saunders et al. 1997) . The high resolution and reliability of the 40 Ar/ 39 Ar method for dating tholeiitic basalts has recently allowed the volcanic hiatus in magmatic activity to be identified with confidence in several localities, superseding the older K-Ar dates, which were more susceptible to errors because of alteration. The chemical data compiled by Fitton et al. (1997) show a strong tendency for most lavas in the older sequence to plot outside or overlap the Icelandic field, while the younger sequence dominantly plots inside or overlaps the Icelandic field. The noted exceptions are that the younger Hatton Bank and Faeroe lavas plot outside the Icelandic field, indicating a MORB source, as do the Mull sequences dated at <55 Ma (Jolley 1997). Conversely, the older volcanic rocks from Disko Island in west Greenland plot within the Icelandic field. Significantly no volcanic group from the seaward-dipping sequences of the rift axis shows major plume influence prior to the eruption of the second volcanic phase, although Fitton et al.
(in press) do note minor Icelandic influence in the lower sequence at ODP Site 917, suggesting its location on the periphery of the plume at that time.
Vertical motions on the NW European shelf
The rapid emplacement of a large body of anomalously hot asthenosphere under the NE Atlantic region during the latest Palaeocene would be predicted to have generated rapid surface uplift that subsided away as the thermal anomaly was dissipated during break-up. Analysis of subsidence patterns in the northern North Sea by Nadin et al. (1995) plainly showed a temporary uplift event of this age on the European Shelf, although Clift & Turner (in press) could not confirm the magnitude (300-500 m) of the uplift in wells located west of Britain, in the Rockall and Faeroe-Shetland areas, or in the Moray Firth. Regional dynamic support might be expected given that voluminous magmatism is difficult to explain without excess asthenospheric temperatures. However, subsidence analysis of the west of Britain region by Clift & Turner (in press) revealed that most wells had no requirement for dynamic support to explain the reconstructed, sedimentunloaded, tectonic subsidence histories. This does not mean that no support occurred, but only that the uplift was smaller than the degree of uncertainty in the water depth estimates, typically 100-300 m in the Rockall and Faeroe-Shetland areas.
In Well 164/25-1 in the northern Rockall Trough the evidence for temporary uplift is better displayed in that the sediment and water unloaded tectonic subsidence curves show accelerated subsidence after c. 85 Ma, with uplift beginning before 63 Ma (Fig. 2a) . Within the uncertainty of the water depth estimates no uplift is required but if present could be as large as 380 m. The onset of uplift only shortly before the first phases of volcanism in the western British region precludes models suggesting protracted heat build-up in the form of an incubating plume under the plate (Saunders et al. 1992). Since the uplift dissipates after volcanism and renewed rifting, it is apparent that this uplift is a dynamic, asthenospheric effect, and does not represent some form of footwall uplift due to extension, or crustal thickening. If we assume a 200 km depth of isostatic compensation, as suggested by White & McKenzie (1989) , and a 100 km thick lithosphere for the Hebrides Shelf, which is a reasonable figure given the Mesozoic extensional history of the area, then a 380 m dynamic uplift would correspond to an asthenospheric temperature anomaly of no more than c. 110 C, assuming all the uplift is caused by excess temperature rather than mantle upwelling. This figure is in reasonable agreement with the 50-100 C anomaly suggested by Clift (1997) using dynamic support data from the volcanic margins themselves.
Fission-track constraints from NW Europe
The timing and pattern of permanent uplift of continental crust around the NE Atlantic has important implications for regional thermal history because the general state of isostatic equilibrium and extensional tectonics means that permanent at Pyramiden in east Greenland, and (c) at Nûgssuaq in west Greenland. Note that uplift in both areas is immediately prior to the earliest volcanism recorded and well before the main flood basalt sequences. Vertical bars show the range of possible depths to basement after sediment unloading and with correction for water depth of deposition. uplift will typically be linked to crustal thickening. Brodie & White (1994 , 1995 first attributed the apparent lack of thermal subsidence in Mesozoic basins in the NW British area to magmatic underplating of the crust during break-up. More recently, Rowley & White (1996) showed permanent uplift, and thus underplating, increasing to the northwest in England, while Clift & Turner (in press) quantified amounts of missing subsidence in the Rockall-FaeroeShetland area to show permanent uplift increasing north in the Rockall Trough towards the Faeroes. Around 4-5 km of underplating, dating from c. 60 Ma, is estimated on the Hebrides Shelf.
Permanent uplift has also been recorded in Norway, where Rohrman et al. (1995) used apatite fission-track data to demonstrate c. 2 0.5 km of denudation around a domal structure in the south of the country. Of this total van der Beek (1995) estimated that c. 1.5 km was due to tectonic uplift initiated at c. 30 Ma and continued throughout the Neogene. Vågnes & Amundsen (1993) also noted a Neogene cooling event in Spitzbergen, where more than 1.7 km of material has been removed as a consequence of surface uplift since c. 10 Ma. Although some of the erosion could be related to falls in eustatic sea-level enhancing denudation, this is unlikely to be a major factor in forcing erosion because this event is not seen on all margins as might be anticipated for a regional or global eustatic event. Exactly what triggers this late-stage uplift is still unclear, as it does not fit well with simple models of impacting plumes driving volcanism and break-up in the Palaeogene. Vågnes & Amundsen (1993) suggested melting and underplating under Spitzbergen related to secondary mantle convection, while Rohrman & van der Beek (1996) attributed regional Neogene uplift to a form of asthenospheric diapirism under the rifted margins. Both these models suggest that the Neogene age of uplift is due to the arrival of the Iceland plume in the Northeast Atlantic at 30-40 Ma, perturbing the state of the mantle.
Published fission-track data from the Hebridean Craton and Northern Scottish Highlands (Hurford 1977; Lewis et al. 1992) are complemented by new apatite fission-track data from outcrop samples of Precambrian metamorphic basement, Palaeozoic granites, and Devonian-Triassic sedimentary rocks from the Shetland, Orkney, and outer Hebridean Islands of Lewis and Harris (Table 1) .
The data presented in Table 1 comprise central ages that range from 211 11 Ma to 346 21 Ma, the exception being LEW 293 at 69 4 Ma (Fig. 3) . These ages are relatively old compared to the timing of continental break-up and magmatism and imply prolonged residence at shallow crustal levels below temperatures required for total fission-track annealing (i.e. <110 C or c. 4.5 km under geothermal gradients of 24 C km 1 ). The mean track length data for these samples range from 11.94 0.20 m to 13.80 0.13 m, with the majority between 12 and 13 m. Such values indicate that cooling from temperatures >60 C occurred comparatively recently with regard to the measured central age, whilst the length distributions which are typically unimodal with a slight negative skew (see examples in Fig. 4) , indicate a history of protracted cooling. Thus, qualitatively the fission-track length and age data suggest that the samples remained in the apatite partial annealing zone (c. 60-110 C) until comparatively recently compared to the central ages.
Confined track-length distributions are invaluable thermal history indicators because track production is continuous throughout a sample's history and therefore individual tracks record different periods of cooling. To derive cooling-history paths compatible with the fission-track age and length data, we use a form of stochastic simulation using the track annealing algorithm of Laslett et al. (1987) . This approach assumes no preferred thermal history against which to test the data, but instead requires the data to derive the thermal history modelling (Gallagher 1995) . A form of Monte Carlo simulation is used to select time-temperature points from within wide bounds to construct a thermal history from which fission-track parameters are predicted and compared with the measured data (Fig. 4) . Several thousand runs are produced from which the best-fitting paths are extracted to identify which aspects of the sample's thermal history are well resolved. Modelled data were confined to samples derived from a single source with a single grain-age population. The results of the thermal modelling (Fig. 5) show a relatively consistent thermal history, typified by slow-cooling rates during the Mesozoic, 0.25-0.5 C Ma 1 , whilst interpolated Cenozoic cooling occurred at rates <0.6 C Ma . The 2.5 km erosion estimate is based on the probably unrealistic assumption that heat-flow has remained constant over time and that eroded cover had a thermal conductivity comparable to present-day outcrop. Thermal models of regional magmatic underplating suggest that Eocene heat-flow should have been slightly elevated (60-80 mW m 3 ) in the Hebrides Shelf-Rockall area for >5 Ma after magmatism ended (Pedersen 1993; Clift in press). There is no evidence for samples re-entering the fission-track partial annealing zone (60-110 C) after cooling below 60 C during the Late Cretaceous-Early Tertiary. Temperature fluctuations below 60 C may have occurred but this is beyond the resolution of the fission-track method.
There is no direct evidence from the fission-track data for a discrete phase of enhanced Tertiary denudation and cooling, although the offshore stratigraphy records a substantial influx of coarse clastic sediment at this time, which is widely assumed to have been derived from erosion of the East Shetland Platform and Highlands (e.g. Den Hartog Jager et al. 1992). The failure of the fission-track data to detect rapid Tertiary cooling may be because the rocks sampled were already at crustal levels and temperatures beyond the resolution of the fission-track method (<60 C). The data are nevertheless useful in that they constrain the maximum permissible level of uplift. Given that the modelled cooling histories require samples reaching c. 60 C by the mid-Cretaceous and that we assume that no further cooling occurred until Early Tertiary denudation, we can use a simple locally compensated isostatic calculation, outlined by Garfunkel (1988), to estimate that c. 0.4 km of uplift is needed to generate c. 2.5 km of denudation, assuming erosion returns the terrain to its original pre-uplift elevation. This value is comparable with that reported by Hillis (1995) , who estimated that 0.3 0.1 km of uplift was required to generate 1 km of regional Tertiary denudation. Brodie & White (1995) estimated that c. 625 m of uplift, resulting from c. 5 km of Tertiary magmatic underplating, can result in c. 2.5 km of regional denudation. From thermal constraints of track annealing, our fission-track-based estimate serves as an upper limit, and given the uncertainties inherent to both the method and heat-flow history, further ); N d,s,i =numbers of tracks counted; total magnification 1250 with 100 dry objective. (ii) Analyses by external detector method 0.5 for the 4 /2 geometry correction factor; see Storey et al. (1996) for analytical details.
(iii) Irradiations in thermal facility of Risø reactor, Roskilde, Denmark (cadmium ratio for Au >400). (iv) Ages calculated using dosimeter glass CN-5; analyst Carter CN5 =339 5; Hurford CN5 =362 7; calibrated by multiple analyses of IUGS-recommended apatite age standards (see Hurford 1990); central age is a modal age, weighted for different precisions of individual crystals (see Galbraith 1990).
(v) Dispersion of single-crystal ages given by P( 2 ) (probability of obtaining 2 value for v degrees of freedom, where v=no. crystals 1) and % variance.
EROSION AND UPLIFT OF NE ATLANTIC MARGINS
resolution of the uplift component may be unrealistic. Graphs showing representative examples of the measured track lengths for apatites from successful sample runs from the Scottish NW Highlands and the Scottish islands, together with the modelled track lengths using the modelling technique of Gallagher (1995).
achieve than on the NW European Shelf, as much of the Greenland coast exposes only Precambrian metamorphic and igneous rocks, while offshore on the east coast the PalaeoceneEocene seaward-dipping lava sequences have only been penetrated in one place, where the underlying sedimentary rocks are undated (Larsen et al. 1994a) . However, at Kangerdlugssuaq, post-volcanic doming has exposed a series of Cretaceous and Palaeogene rocks that allow the early history to be examined. In a similar fashion, Cretaceous and Palaeogene sedimentary rocks are exposed under the lavas at Nûgssuaq, just north of Disko Island on the west coast.
Early Tertiary dynamic support of Greenland
Sedimentary evolution of Kangerdlugssuaq area
Sedimentary rocks in the Kangerdlugssuaq region were first described in Mikis Fjord (Fig. 1) by Wager (1934a) and Wager & Deer (1939), and later in Ryberg Fjord by Wager (1947).
The pre-basaltic section has been divided into four formations, the Sorgenfri, Ryberg, Vandsfaldalen and Mikis. Figure 6a shows a schematic section of the sequence in the vicinity of Pyramiden and Ryberg Fjord (Fig. 1) compiled from the logging and mapping of Soper et al. (1976) , Hamberg (1990) and Nøgaard-Pedersen (1992 The occasional reddened, weathered lava top shows that water depths were shallow, with exposure having taken place intermittently. We assign a depth range of 0-200 m. The age of this formation and the overlying lavas is taken to be Thanetian, as palaeomagnetic data suggest emplacement within Chron 24R (Tarling et al. 1988) . A summary of the stratigraphy is given in Table 2 . The stratigraphy at Kangerdlugssuaq can be backstripped using the methodology of Sclater & Christie (1980) to determine the tectonically driven subsidence of the basement, which involves the removal of the loading effects of sedimentary rocks and water, and assuming local isostatic compensation. Correction is made for the second order sea-level curve of Haq et al. (1987) , although the shape of the reconstruction is not dramatically changed even without correction. The results of the backstripping process are shown in Fig. 2b . Like the history from Well 164/25-1 in the Rockall Trough the reconstruction shows gentle tectonic subsidence underway during the Late Cretaceous, then reversing in the Palaeocene, with marked uplift after 65 Ma. Again the pattern of dynamic uplift occurring rapidly and immediately before the first flood volcanism in the North Atlantic is noted. The basement is then seen to subside after c. 61 Ma, with the possibility of renewed temporary uplift at c. 56 Ma, immediately prior to eruption of the main flood lava sequences on the Blosseville Coast. Subsequent subsidence was rapid. It is noteworthy that while the top of the Precambrian basement would have been buried to >4.5 km by the end of flood basalt eruption, it is now exposed above sea-level at Kangerdlugssuaq. This interpretation, together with the observation of post-eruption doming and erosion of the lavas around Kangerdlugssuaq (Brooks 1973) demonstrates that the processes that caused permanent uplift of the Kangerdlugssuaq region operated after flood volcanism. Although isostatic unloading and uplift will tend to accentuate the erosion at Kangerdlugssuaq, a tectonic driving mechanism is needed to initiate the uplift in the first place in order for this positive feedback to occur. Below we discuss the nature and timing of permanent uplift and its implications for plume tectonics since break-up.
Sedimentary evolution of Nûgssuaq area
The Mesozoic-Tertiary section under the lavas in west Greenland was reviewed by Henderson et al. (1976) , although work there dates back to the nineteenth century, when Nordenskiöld (1871) described the basal Kome Formation, which rests on eroded Precambrian gneisses (Fig. 6) . For the purpose of this study we concentrate on the north coast of Nûgssuaq near Kangilia (Fig. 1) , with unexposed parts of the section taken from exposures further south. This location is chosen as it has the most complete section of the basin. The The results of the backstripping analysis on the Nûgssuaq section can be seen in Fig. 2c . Like the Kangerdlugssuaq section the Late Cretaceous is marked by subsidence and marine sedimentation. What is striking about the reconstruction is the tight constraint for the onset of dynamic uplift. As in the Hebrides Shelf the reconstruction does not require uplift but if present it may not have occurred until as late as 60.4 Ma, after eruption of the picritic pillow lavas and breccias. The nannofossil fauna in the underlying marine sediment provide a good constraint that uplift could not have started prior to the base of nannofossil zone NP3 (63.8 Ma; Berggren et al. 1995) . This is surprising for several reasons. The timing of uplift here only just precedes volcanism, by no more than 3.4 million years, and probably less given the fact that the oldest . 1996) . Thus if the uplift reflects the onset of dynamic support by an impacting plume head this not only rapidly resulted in melting but also must have spread out very rapidly beneath the North Atlantic lithosphere. If we Ar data leave <1.6 million years for the impacting plume head to broaden and reach its maximum extent in western Scotland.
Fission-track constraints from East Greenland
In East Greenland apatite fission-track studies reveal a complex pattern of cooling histories. North of Jameson Land, fission-track data record Neogene denudation probably linked to the rifting of the Jan Mayen microcontinent from Greenland in the early Miocene (K. Thompson pers. comm. 1996) . Apatite fission-track data from the Jameson Land (Hansen 1988) and Scoresby Sund regions Hansen (1992) indicate protracted Mesozoic-Tertiary cooling at rates between 0.4 and 1.2 C Ma
1
. These values are comparable to the estimates reported by Clift et al. (1996) from detrital apatites cored offshore by the Ocean Drilling Program (ODP Site 918; Fig. 1 ) and from correlative onshore material from the Singertat Complex of the Southeast Greenland margin around 63 N. Some of the data from Scoresby Sund are also reported to contain evidence for accelerated cooling since c. 55 Ma, interpreted as being linked to the Tertiary igneous centre at Kangerdlugssuaq to the south (Hansen 1992). Christiansen et al. (1992) report young (15-25 Ma) apatite fission-track ages in the Scoresby Sund area, close to mid-Tertiary intrusives.
Jameson Land and the coast at 63 N contrast strongly with the region around Kangerdlugssuaq, where a doming event post-dating basalt eruption has been long recognized (Brooks 1973). Gleadow & Brooks (1979) used fission-track data and geomorphic evidence to suggest that up to 6 km of erosion in the core of the Kangerdlugssuaq dome had taken place since the eruption of the lavas. Erosion falls to 2-3 km outside of the core area (Fig. 1) . In a more recent study of the Kangerdlugssuaq region Hansen (1996) demonstrated that the effects of increased post-basaltic denudation do not extend far inland which, it was suggested, contrasts with the hypothesis of an older plume migrating from the northwest (cf. Lawver & Müller 1994).
Apatites from four new samples, three from the Kangerdlugssuaq region and one from Angmassalik, were analysed from East Greenland as part of this study. Each comprises a single age population (Table 1) , and adequate numbers of confined track lengths were measured to produce well-defined track-length distributions (Fig. 7) . Length data yielded negatively skewed unimodal distributions indicative of gradual uninterrupted cooling. The mean length value of 12.47 m for the Angmassalik sample indicates recent cooling from within the partial annealing zone relative to the 143 10 Ma central age of the sample. The young central ages of 27 2 and 29 2 Ma and short mean track lengths (12.55 0.29 m) for the Kangerdlugssuaq samples, confirm the recent rapid cooling and erosion in this region.
Just as for the fission-track data from the Scottish Highlands and Islands, the Greenland data were modelled using the technique of Gallagher (1995) to derive a thermal history (Fig. 8) Gleadow & Brooks 1979; Hansen 1996) . However, at Angmassalik initial cooling was much more gradual, with the measured sample cooling throught the apatite partial annealing zone (110-60 C) throughout the Mesozoic and early Tertiary. At c. 20 Ma the sample crossed the 60 C isotherm and therefore an increased in the rate of cooling occurred from this time to the present. This predicted rapid cooling, and by implication enhanced denudation, may be partly related to the glaciation, which dates from 7 Ma in this region (Larsen et al. 1994b) . None the less, total erosion during the Cenozoic does not exceed 1.5-2.0 km, this being similar to that recorded at 63 N and in Jameson Land.
Evidence from fission-track studies suggests that Kangerdlugssuaq is an anomalous area of the East Greenland coast. The existing fission-track data are consistent with an uplift inititating denudation before 30-35 Ma however, they do not show how long after basalt volcanism cooling began. Below we discuss sedimentary rocks overlying the basalts on the Blosseville Coast that show a significant gap between flood volcanism and uplift.
The timing of permanent uplift
Over most of the East Greenland coast, sedimentary rocks overlying the lava sequences are not exposed or are only present offshore (Larsen et al. 1994a) . However, at Cape Dalton on the Blosseville Coast (Fig. 1 ) Wager (1934b) mapped a sediment sequence 120 m thick, which contains marine macrofossils, shallowing up into a fluvial series containing abundant plant and wood fragments. The underlying flood lavas are interpreted as being subaerially erupted due to their common reddened, weathered tops. The basal part of the overlying sequence contains plant debris suggesting subaerial deposition. However, above this basal interval much of the lower part of the sequence, known as the Cyrena Beds, is highly fossiliferous, with a mixed fauna dominated by gastropods and bivalves, indicating marine deposition. Following the recognition of fossil wood in the upper parts of the Cyrena Beds and the lower parts of the middle series, marine fossils are found again in the upper part of the section, called the Coeloma Beds by Wager (1934b). These fossils include bryozoa (Ravn 1933) and crustacean burrows after which the interval is named, as well as the gastropods and bivalves seen in the lower series. The top of the section is marked by a final regression, with no fossils being noted. The Cape Dalton sequence has been loosely dated as early to middle Eocene on the basis of the marine fossils, which were compared to the Eocene from the Wessex and Paris Basins (Ravn 1933; Wager 1934b) . Ravn (1933) suggested that the overall time span covered may not be very large, due to the similarity of the gastropods in the upper and lower fossiliferous horizons. The fauna was equivocal in terms of assigning the age of deposition to the middle or early Eocene, since some fossils indicated one period while others favoured the other. This may suggest middle Eocene deposition with some reworking of older material, a hypothesis supported by the presence of middle Eocene insect remains in some of the terrestrial horizons of the middle series (Henriksen 1918) .
The reconstructed vertical tectonics of the Cape Dalton area are significant to understanding the vertical motions of the East Greenland coast. The early development bears a strong similarity to that seen along much of the coast, such as ODP Sites 914-917 at 63 N (Larsen et al. 1994a). Subaerial volcanism was succeeded by subaerial exposure, then followed by a marine transgression, as might be anticipated for a rifted volcanic margin entering its thermal subsidence phase. The timing is similar to that seen at ODP Sites 914 and 915 (Clift et al. 1995) . However, whereas Sites 914 and 915 subsequently subsided to greater depths, the sequence at Cape Dalton has been uplifted to be exposed above sea-level today. The regression at the top of the sequence could represent the start of this emergence, and at least constrains the earliest time when such an uplift could begin. The eustatic sea-level curve of Haq et al. (1987) shows global sea-level being relatively constant through this time interval, suggesting that regression would be tectonically rather than eustatically driven. Thus using the timescale of Berggren et al. (1995) we estimate that the timing of uplift at Cape Dalton did not start prior to the early-mid-Eocene boundary (i.e. 49 Ma). It is of course speculative as to whether this uplift affected the entire Blosseville Coast plateau basalt sequence, as such sedimentary rocks are not found overlying these rocks (Larsen et al. 1989) . However, the post-flood volcanic age of the doming seen at Kangerdlugssuaq (Brooks 1973) suggests that the late stage uplift seen at Kap Dalton may have a more widespread effect than just within this small area of coast where the sedimentary rocks have been fortuitously preserved from erosion. It is important to note that this uplift is separated in time from the magmatism associated with continental break-up. Permanent uplift caused by underplating during the extrusion of the flood basalts would have been synchronous with eruption of these sequences (i.e. starting at 54 Ma). The later uplift event documented by the Cape Dalton sedimentary rocks is a distinct event, post-dating the flood volcanism and break-up related underplating, and also postdating the onset of seafloor spreading. Under normal rift-drift conditions simple subsidence might be anticipated but is not observed. The uplift is also at odds with a simple impacting and ridge-centred plume model for North Atlantic opening (cf. White & McKenzie 1989).
Influence of the migrating plume
The data reviewed and presented above show a pattern of regional uplift and volcanism that can most easily be explained in terms of an impacting plume centred in western Greenland around 63 Ma, whose centre migrated towards the east with time due to relative plate motion. The model is shown schematically in Fig. 9 . The chemical data of Fitton et al. (1997) strongly suggest that the plume was located close to Disko Island during the first phase of volcanism at 63-58 Ma. In contrast, basalts along the North Atlantic rift axis show evidence for melting on the periphery of the plume, while al. 1996) . Thick lines marks the best defined part of the cooling history when the samples were within the partial annealing zone (PAZ).
in western Scotland melts appear to come only from a MORB-type upper mantle source. The pattern of NE Atlantic dynamic support, reconstructed from subsidence analysis of sedimentary basin stratigraphies across the entire region (Fig.  2) supports the concept of rapid uplift starting at 63-65 Ma, probably after 63.8 Ma judging from the vertical motion reconstruction at Nûgssuaq, west Greenland. The uplift data is most readily interpreted as the result of the emplacement of a body of hotter than normal asthenosphere under the continental lithosphere at that time. Rapid dynamic uplift is incompatible with models of incubating plumes. Indeed the almost synchronous start of uplift and volcanism throughout the region favours the idea of a plume head that spreads out rapidly beneath the plate following impact. No more than 1.6 million years, separates the onset of uplift in west Greenland from the first volcanism in western Scotland and the East Greenland coast.
As impacting theories for break-up suggest that plume emplacement drives break-up it is important to consider the relative timing of dynamic support and extension. Extension had been active during the Cretaceous in the Faeroe-Shetland, Nûgssuaq and Kangerdlugssuaq areas and was also subsequently active from around 57-58 Ma, but does not appear directly to follow dynamic support starting at c. 63 Ma. Although uplift was quickly followed by eruption of lavas across the region, continental break-up did not immediately follow as a result of this early phase of uplift and volcanism. Indeed the initial out-pouring is followed by regional hiatus. It has been suggested that the second phase of volcanism may then represent melting of the plume head beneath the lithosphere due to regional extension culminating in break-up and sea-floor spreading (e.g. Saunders et al. 1997 ). This suggestion is feasible given the current data, but is unappealing in implying that the arrival of the plume shortly before breakup is just coincidental. While regional extension was taking place prior to break-up and must have been influential in the process we prefer to attribute final break-up to the increasing thermal input of the Iceland plume into the rift axis due to its relative migration eastwards. Soon after the eruption of the upper flood basalts, continental break-up and seafloor spreading were initiated. The close temporal correlation suggests that final break-up was made possible by the extra heat derived from the approaching mantle plume. In this respect we conclude that plume activity aids continental break-up, but is not enough to force the process on its own.
The asymmetric development of the NE Atlantic margins in terms of their temporary and permanent uplift histories is a key observation indicating that the influence of the Iceland plume cannot be basin-centred since break-up. Cenozoic denudation is typically stronger in Greenland than the European margin, where rifting and local uplift also began earlier. The record of increasing dynamic support after break-up in east Greenland (Clift et al. 1995), coupled with volcanism and the substantial post-early Eocene permanent uplift of the Blosseville Coast, and especially Kangerdlugssuaq, provides strong evidence that the Iceland plume only entered the North Atlantic basin after seafloor spreading was underway. We suggest that the permanent late stage uplift of the Blosseville Coast, and especially Kangerdlugssuaq, is caused by crustal thickening as a result of magmatic underplating by the Iceland plume as it migrated through the area during the mid-Eocene. The area of strongest denudation, around Kangerdlugssuaq presumably represents the hottest part of the plume, where underplating was at a maximum, although all of the Blosseville Coast appears to be uplifted and thus underplated to some degree. The timing of this event is constrained as pre-dating the start of cooling recorded by the apatite fission-track samples from Kangerdlugssuaq (35 Ma), and post-dating deposition of the marine sedimentary rocks at Cape Dalton (49 Ma). The apparent lack of a plume track inland from Kangerdlugssuaq noted by Hansen (1996) , could then reflect the relatively modest amount of melting possible when the plume is overlain by a thick lithospheric lid (Klein & Langmuir 1987) . As the plume approached the rift axis, where the plate then thinned into young oceanic crust, more upwelling, and thus more melting and underplating was able to occur. Alternatively, pulsing of the Iceland and Hawaiian plumes is known to result in more and less productive periods of melting on a timescale of 5-10 Ma (White et al. 1995). 
